The effects of administering a single dose of (200 mg to 50 mg/kg body weight) aspirin or an equimolar mixture of aspirin (200 mg/kg body wt) with sodium bicarbonate on the fine structure of the rat gastric mucosa were investigated in order to establish the role of particles of the drug in the development of gastric damage. The sequence of cellular events involved in the development of a lesion and the influence of short-term starvation were also investigated. Aspirin-bicarbonate solutions produced much less damage in starved rats than aspirin suspensions given at low (50 mg/kg body weight) or high therapeutic doses (200 mg/kg body weight). Also, when non-starved rats were given 200 mg/kg aspirin, only slight damage was observed. The presence of particles of the drug in intimate contact with the mucosa is thus important in the development of gastric damage. A sequence of events with time involving direct physical exfoliation of mucosal cells and selective structural damage to parietal cells followed by structural damage indicative of a disturbance to oxidative and biosynthetic functions in cells near the developing erosion was observed. The implications of these results on the development of aspirin-induced lesions are discussed.
It is well known that aspirin causes damage to the gastric mucosa which can lead to bleeding from the gastrointestinal tract (Smith, 1966; Salter, 1968) . Systemic as well as local effects have been suggested as a possible mode of action of the drug (Smith, 1966) . A local effect of the drug has been demonstrated from studies of the application of aspirin particles to explanted gastric mucosa (Stephens, Milton, and Loewenthal, 1966) or directly through fistulae onto the gastric mucosa of experimental animals (Roth, Valdes-Dapena, Pieses, and Buchman, 1963; . Systemic action could also be invoked but this is debatable (see Smith, 1966) . Several mechanisms have been proposed to account for the development of gastric damage, among them direct physical damage by particles and loss of the protective mucus layer , cellular Electronmicroscopic observations on aspirin-induced gastric damage discounted the possibility of effects on biosynthetic machinery in the mucosa. The aim of the present study is to extend these observations and establish the effects of the following factors on the development of gastric damage: (1) the role of aspirin in solution with sodium bicarbonate compared with particles of the drug; (2) the effects of prior starvation; and (3) the time sequence of structural events in the mucosal cells leading to the development of an erosion. In the last case the cells bordering an erosion were examined for structural changes which could be linked with the inhibition of biochemical functions known to occur in vitro and in some other systems in vivo (Smith, 1966 ; Kent and Allen, 1968; Rainsford and Smith, 1969; Rainsford, 1970) .
Methods
Male hooded Wistar rats of 200 + 5 g body weight were used for the experiments. In all the experiments the animals were starved from 1600 hours on the day before the experiment, with the exception of a non-starved group. They were given water ad libitum until the time of the experiment when the water was withdrawn. At least six to 10 animals were used for each experimental treatment. The experiments were arranged as follows: 1 Aspirin (acetylsalicylic acid) was given orally in single doses of 50, 150, and 200 mg/kg body weight to starved animals. The animals were then killed and the stomachs removed at time intervals of 10 min (excepting 50 mg/kg body weight dose) and one, two and a half and five hours after dosing. The control animals were given an equivalent quantity (1 0 ml) of distilled water.
2 Aspirin was given orally at a dose of 200 mg/kg body weight to non-starved rats and the animals were killed at time intervals as above. 3 An equimolar solution of aspirin and sodium bicarbonate was given orally at a dose of 200 mg/kg body weight of aspirin and the animals were killed at time intervals of one, three, and five hours after administration.
The aspirin suspension was prepared by adding a small quantity of distilled H20 aspirin BP (May and Baker Ltd, Dagenham, England) to make a thick paste and adding water to make a suspension. In this way an even suspension of aspirin could be obtained with no settling of large particles or foaming. For administering the dose, the suspension was stirred immediately before withdrawing an aliquot into a 1 ml tuberculin syringe on which was attached an 18-gauge needle with a 3-cm length of plastic catheter tubing over the needle. In other experiments (Rainsford, 1975 ) the distribution in blood and gastric contents of salicylates was followed after the oral administration of aspirin in dosages employed in the present study. It was found that the dosing procedure used here gave a low error in dosing and resulted in consistent blood levels of salicylates.
The aspirin-bicarbonate mixture was prepared and administered in the same volumes of H20 as above. The pH of the solution was pH 5 6. In all experiments, the aspirin and aspirin-bicarbonate mixtures were prepared and given immediately afterwards in order to minimize hydrolysis to salicylic and acetic acids.
The animals were killed by stunning and cervical fracture and the stomachs rapidly excised, cut along the lesser curvature and contents washed out with a 0-9% w/v aqueous NaCI solution. Sections of the glandular mucosa were quickly selected, excised, and the tissue placed immediately into ice-cold fixative. Smaller sections were then cut using a sharp scalpel over dental wax and placed into fresh ice-cold fixative. The time between stunning and placing the tissue into fixative averaged 17 seconds.
Some experiments were performed in which the stomach of Nembutal-anaesthetized rats was perfused with fixative in situ before sectioning the tissue. The technique involved slitting the duodenum and inserting an 18-gauge needle covered with 6 cm of plastic catheter tubing (coupled to a 20-ml syringe) into the stomach through the pylorus and tying cotton thread over the duodenum and needle. A small slit was made in the non-glandular region of the stomach and the stomach contents were washed out with 40 ml 0 9 % w/v aqueous NaCl. The stomachwasemptied and forcepswere applied over the slit in the non-glandular area. The stomach was then slowly perfused with 30 ml 2 % w/v formaldehyde + 2-5 % v/v gluteraldehyde fixative (at room temperature), the forceps were released to drain out the fixative, and the stomach was perfused again. Shortly after, the stomach (filled with fixative) was tied off with thread and removed. The stomach was opened along the lesser curvature and sections of tissue were removed and later sectioned (as above) before placing in a fresh batch of ice-cold fixative. In all experiments, the tissues obtained were subsequently cut into small rectangular solids about 1 x 2 mm so that the side parallel to surface mucosa was longer than any of the other sides. This enabled sections for electronmicroscopy to be taken in a plane perpendicular to the surface of the mucosa.
In preliminary experiments, tissues from both control and aspirin-treated rats were treated with several formaldehyde and/or glutaraldehyde fixatives including those employed by Karnovsky (1965) and Ito and Karnovsky (1971 Karnovsky (1965) . Satisfactory results were obtained using a half-concentration mixture of Karnovsky's (1965) (Glauert, 1965 (Reynolds, 1963) and uranyl acetate (Watson, 1958 Extensive focal damage occurred at intervals ranging from one to five hours after the administration of 150 and 200 mg/kg aspirin suspension to starved rats. Less damage was evident in starved rats given 50 mg/kg body weight aspirin. The peak in the development of damage occurred at one to two hours in starved animals given 200 and 50 mg/kg aspirin (table) . Very little, if any, damage was observed in non-starved animals given 200 mg/kg body weight aspirin suspension, starved animals given aspirin (200 mg/kg body weight) with bicarbonate, or in control animals (table) .
When observed under the light microscope the erosions in starved rats given 200 mg/kg aspirin appeared to extend to about a third to half way into the mucosa (fig la) . The cells present in the eroded area showed extensive internal disruption and did not stain as well as normal cells (figs la, Ib). Some of the superficial mucous and neighbouring cells were sloughed away and there was a reduction in the quantity of mucus-containing granules in the surface mucosal cells near an erosion. Generally, the remainder of the gastric mucosal cells away from an erosion appeared morphologically similar to those in tissues from control animals (fig la, lb) . In starved rats that were given 50 mg/kg aspirin for one to five hours, damage was confined to the superficial mucous layer (fig Ic) . Occasionally, small focal erosions were present which extended to about one-fifth the way into the mucosa.
The surface mucous layer assumed a whitish appearance 10 minutes after the administration of aspirin suspensions. This denatured mucus could be readily removed by scraping the surface of the mucosa with a smooth glass rod. The mucous layer from control animals could not be removed in this way. When viewed under the binocular microscope it could be seen that aspirin particles had become embedded in the mucous layer and in the superficial region of the gastric pits.
Extensive oedema was evident in the mucosa of rats given 150 and 200 mg/kg body weight aspirin.
In these animals the swelling of the stomach, as assessed by an increase in the volume of the contents (resulting from the presence of both fluid and gas) and swelling of the mucosal tissues, could be clearly seen by the unaided eye. The degree of swelling was much reduced in non-starved animals given 200 mg/kg aspirin or in starved animals given 200 mg/kg aspirin with bicarbonate or 50 mg/kg aspirin alone.
When viewed from the serosal side, the blood vessels in the stomach were extensively swollen in all rats given the aspirin suspension. Swelling of the blood vessels was also observed in sections viewed under the light microscope.
The gastric mucosa from animals given 200 mg/kg body weight aspirin with equimolar sodium bicarbonate appeared essentially undamaged when examined under the light microscope. Occasionally, a few surface mucous cells were sloughed away and slight swelling of the mucosal tissue occurred. However, the damage was minor, especially compared with that produced by aspirin alone.
FINE STRUCTURAL CHANGES INDUCED BY ASPIRIN
In rats given 200 mg/kg body weight aspirin the first signs of damage to the superficial mucosal cells were evident 10 min after oral administration of the drug although, as noted earlier, no erosions were visible to the unaided eye or in light microscope sections. Extensive cellular damage was evident in the region of an erosion in the mucosa of rats one hour after administering aspirin, 200 mg/kg body weight, as a suspension (fig 2a) . In eroded areas, a large number of cells were sloughed away (fig 2a) and these usually stained poorly with lead citrate and uranyl acetate. Aggregation of the nuclear chromatin material occurred and the organelles of most of these cells were extensively damaged to the extent that positive identification of the cell types was difficult to ascertain (fig 2a) .
However, the point of particular interest was to examine the cells in the region adjacent to cells which had actually been disrupted, ie, in a radial direction away from an erosion. Observations in this region would most likely yield information on the sequence of biochemical changes occurring in the development of gastric damage. In most cases, changes were observed in the layer of several cells around an erosion which were still intact ( fig 5) . This is in the area that corresponds to undamaged cells situated immediately around erosions seen in light microscopic sections (fig la, Ib) . The observed damage was confined to animals that were given 200 mg/kg aspirin for one hour or longer. The most striking changes were observed in parietal cells (fig 3a) . The mitochondria and canaliculi were swollen and there was a marked reduction in the content of matrix material in mitochondria. The matrix in the canaliculi was aggregated into small clumps and the internal tubular structures were often extensively disrupted. Damage to the canaliculi often preceded damage to the mitochondria in less-affected parietal cells. (fig 2b) . Occasionally, some parietal cells in the region immediately below the damaged areas were affected in the same way as that observed in rats given the aspirin suspension. However, apart from these minor changes, the rest of the gastric mucosa was totally unaffected by the drug. Similarly, very little damage was observed in the gastric mucosa of non-starved rats given aspirin alone (200 mg/kg body weight) over the time period studied and this involved only some minor disruption of a few superficial mucous cells bordering the gastric lumen.
Discussion
The most striking effects seen in the gastric mucosa of animals given aspirin alone were the sloughing of intact cells and destruction of some of these cells (fig la, 2a) . These changes are similar to those observed by Hingson and Ito (1971) in the mouse at eight to 10 minutes, and in the ferret by Pfeiffer and Weibel (1973) up to 45 minutes after oral administration of the drug. However, the changes in cells bordering an erosion (seen in fig 3a and 4) , especially the selective damage to the parietal cells seen near an erosion, were not reported by these authors. This could be due to the shorter time intervals of the experiments. Damage to some other cells in the gastric mucosa was observed by Pfeiffer and Weibel (1973) , but not of the kind observed here. However, Pfeiffer and Weibel (1973) dosed the animals they used with aspirin suspended in 5 ml 0-1 M HCI. It is difficult to establish what role the addition of this substantial quantity of acid has in the development of gastric damage, especially as the drug is usually taken with water.
The changes observed in this present work are particularly interesting when considering possible biochemical effects of the salicylates. The changes in the parietal cell mitochondria of aspirin-treated rats (fig 3a and 4) may be a reflection of disturbances of oxidative metabolism and would be expected to result in disruption and swelling of mitochondria, a phenomenon which is known to occur with salicylates in vitro (Lutwak-Mann, 1942; Brody, 1956; Bryant, Smith, and Hines, 1963) . Structural changes of the type seen in the present study occur with agents which disturb oxidative metabolism (Kaltenbach and Harman, 1955; Gomez-Puyou, Tuena, Guzman-Garcia, and Pefia, 1963; Kimberg, Loud, and Weiner, 1968) . Another possibility is that release of lysosomal enzymes by salicylates which occurs in vitro (Brown and Schwatz, 1969; Lee and Spencer, 1969; Harford and Smith, 1970) could result in uncoupling and changes in mitochondrial morphology. Mellors, Tappel, Sawant, and Desai (1967) observed that lysosomes caused uncoupling of oxidative phosphorylation and concomitant irreversible high amplitude swelling of isolated mitochondria in vitro.
Structural changes in mitochondria of the kind seen in figs 3a and 4a have been observed in the liver and kidneys of rats given high doses of aspirin on the long term (Gutowska-Grzegorczyk and Kalczak, 1968) and in fibroblasts of regenerating tissue of rats given repeated doses of salicylate (J0rgensen, 1964) . Stockinger (1964) found that solutions of 0 5 % w/v concentration of various salicylates instilled into the colonic sacs of anaes-524 group.bmj.com on October 21, 2017 -Published by http://gut.bmj.com/ Downloaded from Electronmicroscopic observations on aspirin-induced gastric damage thetized rats produced changes in the surface epithelium resembling those observed in aspirintreated rats in the present study.
The changes seen in the morphology of the parietal cell mitochondria and canaliculi could reflect a change in the secretory state of these cells. An increase in the number and length of canaliculi occurs during acid secretion (Sedar and Freidman, 1961) . Vial and Orrego (1963) observed identical changes in parietal cells to those seen in the present study in rats four hours after a single dose of 30 mg/kg body weight 2,4-dinitrophenol with a concomitant decrease in the acid output. A reduction in the titratable acid in the stomach has been observed after the administration of aspirin to dogs (Davenport, 1964) , guinea pigs (Anderson, 1964) , and rats (Brodie and Chase, 1967) . Davenport (1964 Davenport ( , 1967 has suggested that this could be a consequence of loss of hydrogen ions by back diffusion into the mucosa. However, it is also possible that there is some impairment in the oxidative functions of the parietal cell mitochondria leading to a block in the production of acid.
An intriguing aspect observed here is that the parietal cell seems much more sensitive to the changes mentioned above than other cells in the gastric mucosa. This effect could be due to differences in the rate of penetration of aspirin into different cells. It is known that an acid pH in the stomach favours absorption of the drug in its nonionized form (Hogben, Schanker, Tocco, and Brodie, 1957; Schanker, Shore, Brodie, and Hogben, 1957) . The parietal organelle(s) involved in the secretion of hydrogen ions, especially the parietal cell canaliculi, would be expected to have a low pH (Ito, 1967; Nakamura, Wakabayashi, Tsutumi, Fujihira, and Kawabe, 1970) . The low pH in these structures and in the outside milieu of the gastric pit adjacent to the parietal cell would favour increased uptake of the drug in this cell compared with other cells of the gastric pit. That damage to the parietal cell canaliculi appears to precede the damage to mitochondria in less affected cells is indicative of the greater sensitivity of these structures to effects of the drug caused by the presence of acid.
Another surprising aspect is that evidence in vitro strongly indicates that the biochemical effects mentioned above would be most likely to occur in the entire gastric mucosa. It is also surprising that the mucosa is not eroded away by more particles. The number of erosions that can be produced above a dose of 150 mg/kg appears to be the same up to the toxic limits (Anderson, 1964 ). It appears that the gastric mucosa develops a protective response to the presence of particles of the drug which could be due to the release of mucus from the mucosal granules and an increase in the total fluid content of the stomach (see Results) leading to a reduction in the contact of particles with the mucosa. Theappearance of fluid and mucus around tablets has been observed in gastroscopic studies on human subjects (Thorsen, Western, Tanaka, and Morrissey, 1968) , in anaesthetized rats and through gastric fistulae of tranquillized pigs (Rainsford, 1970 and unpublished observations) .
The protective response in the form of mucus discharge on the one hand is presumably countered in areas where an erosion is developing by sloughing of the mucous layer (fig la) .The sloughing is probably a consequence of changes in the physico-chemical properties of salicylates in solution which cause an aggregation of components of mucus (Rainsford, Watkins, and Smith, 1968) . Also, release of mucous globules may, where the mucous layer is sloughed away, actually expose the underlying cells to the corrosive aspirin particles.
The selective damage to parietal cells near an erosion could follow breakdown in the mucosal barrier thereby exposing the parietal cells to local high concentrations of the drug. Superimposed upon this the parietal cells could, because of the presence of acid, concentrate the drug. Through this mechanism the parietal cell could become the focus for the further development of damage by 'explosive' damage to neighbouring cells. Impairment of protein and glycoprotein biosynthesis which occurs with salicylates (Rainsford and Smith, 1969; Dawkins, McArthur, and Smith, 1971) could occur in the mucosal cells exposed to high concentrations of the drug and account for the observed swelling of the endoplasmic reticulum (fig 2b) .
Many authors have observed a marked reduction in gastric damage by aspirin when an excess of bicarbonate is given as a solution of the drug to human subjects (Matsumoto and Grossman, 1959; Wood, 1963; Thorsen et al, 1968; Leonards and Levy, 1969) or guinea pigs tAnderson, 1963). However, in the present study, equimolar mixtures of aspirin and sodium bicarbonate were found to cause a marked reduction in the damage compared to that produced by aspirin suspensions.
A combination of factors may be responsible for this effect. Enhanced gastric emptying at the higher pH has been suggested as a factor (Anderson, 1964) . However, the pH of the bicarbonate-aspirin mixture used was 5-6 and this would not appear to be high enough appreciably to stimulate gastric emptying Knox, 1962 and . In studies reported elsewhere (Rainsford, 1975) , the distribution of 14C-carboxy-aspirin in the blood was comparable whether sodium bicarbonate was given with or without aspirin at the same doses and times used in 525 group.bmj.com on October 21, 2017 -Published by http://gut.bmj.com/ Downloaded from the present work. It was found that three to four times the quantity of 14C-salicylates was present in the gastric contents up to three hours after the administration of 14C-aspirin with bicarbonate compared to that produced by aspirin alone.
Although the quantity of 14C-salicylates in the intestinal contents was increased up to one hour in the aspirin-bicarbonate group, this was only a small percentage of the total dose. Uptake of the drug into the gastric mucosal cells must be, in part, a factor in the development of gastric damage, since a considerable quantity of the drug is still present in the stomachs of aspirin-bicarbonate-treated animals. Enhanced gastric emptying of aspirin-bicarbonate mixtures is apparently not a major factor in reducing gastric damage under the conditions used here. The absence of particles of the drug in the aspirin= bicarbonate mixtures is clearly a major factor. A consequence of this is that there would be an increase in the spread of the drug over the mucosal surface and gastric pit, thereby reducing the amount of the drug in concentrated particles, which seems important in the development of focal damage. Chicago. 1975 . This is a self-testing and self-instructional unit with the answers overleaf. A most interesting and well-produced publication which should attract attention.
Correction
We regret the following errors in the July issue in the article 'Electromicroscopic observations on the effects of orally administered aspirin and aspirin-bicarbonate mixtures on the development of gastric mucosal damage in the rat', by K. D. Rainsford (Gut, 1975, 16, 514-527) :
the legends to Fig. 2b and Fig. 4 were transposed, as were those of Fig. 2a and Fig. 5 .
